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INTRODUCTION

This paper describes‘a simple modifiéation fo the Lunar
Module (LM) powered descent guidance equations which significeantly
improves astronaut visibility while flying over rough or sloping
lunar terrain. This scheme reduces the sensitivity of the
look angle to radar altitude updates during the visibility
phase by shifting the downrange position of the landing site
in proportion to the altitude updates. The landing site ad-
justmenﬁs are in a direction such that the apparent motion of
the landing site due to sloping terrain is reduced, but not
eliminated. | |
The first portion of the paper discussgs the visi-
bility problem and describes the theory of the modification.
In the remzinder of the paper, & comparison betwecen the modi-
fied schene aﬁd the present scheme is presented through lcok
cangle profiles for Various terrain{mode]s.
Work on this study was conducted by R. ¥. Srch
while on rotational assignment in Department 12814,
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GENERAL DISCUSSION

During the visibility phase, the IM flies a tra-
Jectory as directed by the Quadratic Guidance equation gilven

by

F(t) = a + b(T-t) + c(T-t)?

where T is the terminel time, and a, b, and ¢ are computed to
satisfy terminal position, velocity, and acceleration con-
straints. The terminal time T is seiected to satisly the
terminal horizontal jerk component.

In addition to guidance commands, the computer also
repetitively calculates and displays the look ahgle* of the
current landing site. The Systems Engineer reads the dis-
played angle and repeats it to the Commander who identifies
the landing point by éighting along the corresponding angle
etched.on the LM window. For landing site visibility, the
look angle (%) must be greater than 25 degrees. However, it
is desirable that the look angle remain above 35 degrees.
Although the guidance law directs flight along a nominal tra-
Jjectory which allows the astronauts Viéual contact with the

landing footprint, it has no explicit control over the look

Look angle is defined in Appendix A.
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angle. Thus changes in the estimated state from nominal will
be reflected in the look angle profile. 7One significant
source of fluctuations in the estimated state is the landing
radar which is measuring altitude above the local terrain.

The effects of terrain variations on visibility is
now explained with réference to Pigure 1. For simplicity, a
unity weighﬁing function is assumed for the éadar altitude
measurements. In addition, the problem is discussed as
' though the updates are applied to the altitude of the land-
ing site rather than the estimated IM altitude. This simpli-
fication makes the problenm eazsier to visualize but docs not
affect the resulis since the .two point boundary problemn
solved by the guidance equations depends to a first order
oﬁly upon the relative positiéns of the vehicle and the land-
ing site.

Figure 1 illustrates the apparent horizontal motion
of the landing site when a negative step in terrain is en-
countered by the LM. PBefore the step is reached, the guidance.
and navigation equations would consider the landing site to
be at point 1, but the Commaznder would view point 3 on the
~lunar surface. Once the.step is encountered the equaticnsa
would uvpdate to point 2, and the Commander would view =n
apparant horizontal shift in the landing site from point 3 to

point 2. Since the depression angle (o) is about 15 dezrees,



the landing site appears to shift by an amount equal to ap-
proximately four times the altitude update.

In addition to the apparent motion of the landing
site, the look angle is reduced when the negative step is
encountered. An initial decrease in 3 results from the in-
stantaneous change of the landing site position from point 1
to point 2. This change in the two poinﬁ boundary wvalue
problem results in a decreasc in the regquired vertical accel-
eration. Since the required horizontal acceleration remainé
unchanged, a pitch transient occurs to make the thrust veétor
more horizontal, thus decreasing 3 further. The effect of a
positive step would be similar with a resuliing increase in
the look angle. A slope would produce a continual change butb
the overall effect would be eguivalent to a series of steps.
Flight over rough lunar terrain would yield a.composi*e situ-
aﬁion of" erratic shifting of the look angle and the apparent
landing site position plus a rough, jostling ride for the
astronauts. |

ANATYTTCAT, TNVESTIGATTON

Examination of the visibility problem indicated that
the sensitivity of look angle to altitude updates could bve
y g

reduced by shifting the downrange position of the landins
oo Lo

site to compensate for the change in altitude. Apvendix A
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contains the d an expression for the look angle

sensitivity (eaq. 30A); and an expression which defines the
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shift in the downrange position of the landing site in terms
of an angle T for.zero look angle sensitivity (eq. 33A). The
tahgent of M 1s equnl to the ratio of the altitude update to
the horizontal displacément of the landing site.

For use in this study, the following conditions for

a nominal trajectory from High Gate to Hover were used:
O

Initial Conditions at Higznh Gate

Vertical Velocity = -133 ft/sec.
Horizontal Velocity = L70 ft/scc.
Altitude = 6,100 ft.
Range to Landing Site = 24,225 ft.

Desired Conditions at Hover

Vertical Velocity = -5.1 ft/sec.
Horizontal Velocity = 0 ft/sec.
Altitude = 100 ft.

Horizontal Jerk 0.0975 ft/sec3

1

Il

Total Acceleration 0 ft/se02

This trajectory is illustrated by a range versu

1

altitude profile in Figure 2. The attitude of the LM along

o

this trajectory is shown at 5 second intervals.



The expression for zero look angle sensitivity
(eq. 33A) was applied to this particular trajectory and the
values of‘the updating angle (7)) which satisfy the equation
are depicted in Figure 3. This figure shows that the anglé 7N
varied between 34 and 30 degrees for the region just beyond
High Gate to an uprange distance of approximately 2,000 feet.
The mean value for T within these boundaries was calculated

to be 31.54 degrees. The deviation from the mean for nearly

all values of T was less than 2 degrees. In fact, for a
sample of n = 18 points within this region representing measure-
ments 5 secconds apart, the mean was 31.54 degrees and the standard

deviation was 1.3 degrees. Hence, for this trajectory, the
value of 31.54 degrees was selected to define the relation-
ship between the altitude update and landing site displace-
ment.

Note that the ideal situafion would be to update
along the line-of-sight since the Commander vould detect no
change in the landing site due to radar altitude updates. For
this reason the look angle sensitivity vs. range was compared
for three updating angles: T=31.54°, N=oa (depression ang gle)

and T = 90°. Figure 4 demonstirates the improvement of look

3
)
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angle sensitivity using the 31.54° updating angle conpar
t

either vertical or line-of-sisht



An expression for the percent change in thrust
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instantaneous change In altitude was derived and is included in

Appendix B. PFigure 5 illustrates that the descent scheme using

g

a 31.54° updating angle has a slightly greater thrust sensitivity.
(The thrust vs. range profile for this trajectory is included in
Figure 6.) However, the figures which follow will show that the
tradeoff for this slightly greater thrust senéitivity is a signif-
icant improvement 1iIn look angle during the visibility phase. The
new updating scheme produces deviations in tne fuel reserve at
:hover. These fuel deviations are due to the downrange ;hift in

the landing site associated with this new technique,
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equivalent to the deviations oblained for astronzut redesign:
of the landing site.
STMUI ATTON RESULTS

Using the Bellcomm Apollo Simulation Program, the
two schemes (MN=31.54° and M=90°) were simulated and compared
for flight over various terrain features. An altitude meas-
urement w 7"hb]ﬁ of 1.0 was used to simplify the analysis.

The types of terrain thal were examined included
step functions .of various magnitudes at different points up -
range and slopes of two and three dezrees. These simulated
flights provide information about the effects of step Tunc-
tions and slopes upon look angle profiles for T = 31.54° and
N = 90° as comparcd with that for & nominal trajectory. The

look angle 1o
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5 1o versus ting-1to-g0, are S

in Figures ¢ througn 13.
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If the LM flies over a terrain feature resembling
a step, Figures 7, 8 and 9 dermonstrate the change in look
angle profiles that occur. For steps of 1000 fect, 500 feet,
and 100 feet, the new updating scheme produces look angle
profiles that lie significantly closer to the nominal than
the vertical updating schema2. Also shown are the transients
that occur as the abrupt change in terrain occurs. As the
radar detects a change in altitude, the line-of-sight changes

instantaneously. This is the initial transient in the pro-

files. Sensing the changes in the two point boundary value

0]

roblem, the guidance equations then command a change in
- ) Y LS

pitch engle which accounts for the transient during the fol-
lowing guldance cycle. Vertical updating reinférces the
transient and increases it to a larger deviation from the
nomingl. This produces a substantial change in the look angle
profile immediately, whereas, the T = 31.54° updating schenme
does not allow a large deviation to be sustained. An obvious
advantagze of this updating scheme is that it tends to damp

out transients due to abrupt terrain changes and return to the
proximity of the nominzl. Although the look angle profile
drifts away from the nominal toward the later parti of the
flight, this schemne signi’icantly reduces the effects of ter- .

rain change on look angle during the tim

. . 2 -
acstrcnauts are
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N
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appraising the acceptebility of the landing site.
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Figures 10 and 11 provide look angle profiles of
terrain slopes of 2 and 3 degree magnitudes, respectively.
Whereas the step function introduced a single perturbation
which caused the look angle profile to change, the slope con-
tinually introduces perturbations with each rédar altitude
measurement. In both cases, the scheme using M = 31.54°
provides look angle profiles which are significantly clqser
to the nominal. In the worst instance, a negative slope,
the vertical updatling causes the LM to lose visibility sooner
and more rapidly than T = 31.54°., Hence, the time that the
astronauts have for appraising the landing site is improved

using the modified scheme.

CONCILUSTIONS

The results demonstrate that look angle profiles

-
can be improved by shifting the landing site in proportibn
to the altitude updates. 1In addition, the scheme reduces
the apparent motion of the landing site due to the updates,
but does not eliminate it entirely. The modification is
extremely simple to implement, adding almost no complexity
to the guidance scheme.
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APPENDIX A

Perivation of Lock-Angle Sensitivity Eauation

Object: To derive an expression such that the change in
look angle with respect to an instantaneous change

in position is zero.

Definition of Locok Angle: the angle between the thrust
vector and the line-of-sight vector as shown in

Figure 12,

AN=8 - a ' (1n)
(see Figure 12)
5\ = 66 - bBq ‘ (2n)
but
-1 -
6 = tan (aX/ a,) (34)
o = tan™ (x/-2z) (4n)
therefore
- axﬁa? - a?BaX . 7
b6 = 5 5 (54)
a_ + a




Appendix A - 2

xBz - zdx
ba = F 5% (64)
%X 4+ Z

From the quadratic guidance (ref. 1)

6(x+%)  12(x-x.)
D D .
& = 77T B 5 + 8 (74)
0 P
g o
i
|
6(z+2,) 12(z-z..)
D D .
& T TT B " (8a)
go 2o
then
Bax Bax aTgp
bay, = 5x X *up sy 0% (9a)
go
Baz Baz qéﬁg
ba, = -5, 0z + ST, o 62 (108)

from (7A) end (8A)



Appendix A - 3

%o %, a2
ox =~ oz T2
. go
a 6(x+x..) 24 (x-x.)
X D
T_; = T2 +- T3 D
2 go go
d “x
Ba . a, . 12(x D) .
1 T 3 I
go go qgo : go
A > '.. 7 —
:az 3 6(zz ) *_Eﬁff_zD)
T~ T T2 3
go lgo Pgo
Saz 8, ! 12(2—zD)
aT B T 3
go go Tgo

We can now write:

) (ax6az'az§ax) _ (xBz-z0x)

ON = —" s

a a X A
X + Z .

(114)

(124)

(130)

(144)

(158)

(16!‘1)
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6% s
: x2 + 22 T2 a2 -+ a;

_ (z5x-x52) 12 (2, 0z-a Ox)

Baz aax oT o
8x aTgo T 8y ST;;. 52_>6Z
o > 5 (174)
ay + e,
on - (zbx-xtz) _ 12 (2,0278;05%)
x2 + 22 T2 2 + a2
go X z
JT
12 - - e~ g0
-3 a_(z zD) az(x AD)] + Tgo S b
2o
+ = 2 X (18a)
a, +a '

oT
To find —559 , we can make use of the horizontal jerk egua-

tion (ref. 1).

I i YA Gl )
z a - 12 r'13
1 T

: g0 go

= consbant (194)
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therefore
12(é+éD) 72(z-2p)
86 =0 = | ~ —2° _ D7
T3 T4
go g0
and therefore:
2
6Tgo = o 6(z-z.)
(z+zD) + 5

This relatiocn can now be substituted into (18a).

a change of coordinates

! - tan 1 8%
let N = tan <_52>

then

24

go a r‘:é‘“ bz (EOA)
lgo

bz (21n)

We now make

(221)

(231)
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bx = Or sin T

I
I

o
3

0

O

@]
=3

oz

and from figurs 12:
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Substituting these relations into (18A) and (20A) we get

go
12a_(z-z) 12a_(x-x
21- ~”—§§-*J2“ 53 p) =8l cos Mor
T T 'lgo
go go
' (2La)
6(z-2z..)
2 1 (543 D

a (Z-;ZD) R T o




Appendix A - 7

let
= -1
A=-x
B 12
algo
2
! gT
1 - - — __E&9o
24 ax(z z) + e (x xD) + 75
C =
2 2 . C
a Ty, [6(2 zp) + (zsz)igO]
then
OA _ a4 sin (M-a) + B sin (N-0) + C
Fr = a sin (MN-9) + cos T

for a radar altitude update of bx ,

or

we have

(254)

(264)

(271)

(284)

(2364)
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The sensitivity of N to altitude updates is;:

OA 1 . .

ox sid"ﬁ'[A sin(f-a) + B sin(N-0) + C cos ﬂ] (304)
We want or O for zero look angle sgnqifi 'é

' ox e S1Tivity,

ﬁherefore:

A sin Tl cos a - A cos T sin g + B sin T cos B

~-Bcos T sin 0 +C cos T = O (314)

or
sin’ﬂ[A cosS g + B cos 9] - CcOS ﬂ[A sin o + B 8in 6 - C] = 0

(324)

_8in T _ A sin o + B sin 6 - C 2
tan T _.cos n A cos o 4+ B cos 6 (334)

Thus tan T nmust satisfy eg. (33A) for zero lock anzle

sensitivity.




APPENDIX B

Derivation of Thrust Sensitivity Expression

ObJject: To obtain an expression for the per c=nt change in

thrust for an instantaneous change in position; that

is <6F/F

=5 ) (during quadratic guidance phase).

F = ma = thrust (1B)

BF = mbda + abm (2B)

However, for an instantaneous change in position,
there is an instantaneous change in thrust dus only to an
g y
instantansous change in acceleration, that is ©BF = mba .

Therefore:

bF oa .
¥ U s | (38)

[ ]

assuming ay = 0 for the ilwo-dimznsional cese. Then



Appendix B - 2

!
1 2 2\ 2
ba = 5 <ax + az> (EaXEa 123 62) (5B)

ba

i

1 .
;5-(axﬁax+a26az) (6B)

The differentials Sax s Baz can be evaluated from the quad-

ratic guidance equations given in Appendix A (egs. (74), (8a))

to yield
%?-; —él%—-(axﬁx4a 5._)
a Tgo
2 2 2
T T
+2l & Yo . go | | .- ,
-—é.rl_\é__ - = + g (x xD) + 5 + az(z ZD) bz
2T,
(7B)
let
p - 312 (83)
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2.2 2
E = 20 © g0 ‘ “eo
~ ap? T A v- 2l I Gl (98)
go
then
ba D(a_bx+a_5%z) + Edz 10
a = X z - (108)

from figure 12 and equations (22A), (23A)

a, = a sin ©

a, = -a cos o
bx = &r siﬁ T
bz = -Br cos T

then

%?—z D [(a sin 0)(5r sin M) + (-a cos €)(-br cos ﬂ)]

+ E(-6r cos M) (11B)
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da _
2

therefore

but

Thus

ba/a _

= aD sin @ sin T + (aD cos 6-E) cos 7

or

(aD sin 6)6r sin M + (aD cos €-E)Br cos 1

ba/a  bda/a
bx or

S

w
=3

’.J-

—

ox

BE/F §%§§ = aD sin € + (aD cos €-E) cot

= per cent changs in thrust for an

instantaneous change in position

(128)

(13B)

(14p)

(15B)



’ -
APPARENT SHIFT
OF LANDING SITE -

Figure 1.

Apparent shift in landing site.and reduction of look angle
due to a negative step (Ah) in the lunar terrain.

Point 1: position of L.S. before step is reached (computed
' by navigation equations)

Point 2: new position of L.S. after navigation equations are
updated upon reaching negative step in terrain.

Point 3: position on Lunar surface that commnander views as
the landing site before step is reached.

o} : depression angle before and after step is reached.

0’71
56,51 : thrust acceleration vector before and after step is
reached. : :
xo,xl : look angle before and after step is reached.

Ah : magnitude of step in lunar terrain.
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